We investigate the effects of stirring on the kinetics of the A 1 B ! 0 reaction under stoichiometrical conditions in 2D. We consider both a steady eddy-lattice flow and a random flow mimicking turbulence. In both situations complex decay patterns are detected. Only Chemical processes often depend on stirring to homogenize the reactants [1] [2] [3] . In fact, due to the sensitivity of the reactions on the mixing procedure, qualitatively different kinetic patterns show up [3] . This is especially important for reactions leading to segregation. In the present Letter we consider the kinetics of the A 1 B ! 0 reaction under stoichiometrical conditions, taking place under twodimensional model flows.
(Received 9 May 1996) We investigate the effects of stirring on the kinetics of the A 1 B ! 0 reaction under stoichiometrical conditions in 2D. We consider both a steady eddy-lattice flow and a random flow mimicking turbulence. In both situations complex decay patterns are detected. Only Chemical processes often depend on stirring to homogenize the reactants [1] [2] [3] . In fact, due to the sensitivity of the reactions on the mixing procedure, qualitatively different kinetic patterns show up [3] . This is especially important for reactions leading to segregation. In the present Letter we consider the kinetics of the A 1 B ! 0 reaction under stoichiometrical conditions, taking place under twodimensional model flows.
As is by now well known, under diffusion the average concentration c͑t͒ of (stoichiometric) reactants follows d dimensions a power law c͑t͒ ϳ ͑Dt͒ 2d͞4 (where d # 4) [4] [5] [6] [7] [8] [9] [10] , which is slower than the classical kinetics form c͑t͒~t 21 . The classical form is obeyed when the concentrations are homogeneous at all times, which can be achieved through efficient procedures such as mixing by dilatational flow [11] , tossing [12] , or unbounded shear flow [13] [14] [15] . In general realistic mixing flows, especially in two dimensions, are less effective [1] . We display this here by considering two flow patterns, one related to Rayleigh-Bénard convection [16] (a steady twodimensional lattice of eddies), the other one being a random flow, which mimics turbulent stirring. A variety of-rather unexpected-kinetic regimes appears.
We describe the system in terms of reaction-diffusionadvection equations for the local densities c A,B ͑r, t͒,
and
This is the standard approximate scheme [17] [18] [19] where k denotes the local reaction rate coefficient and D the molecular diffusivity. The scheme is qualitatively correct in higher dimensions for the reactants passively transported by the flow. The continuous-medium approach, Eqs. (1) and (2), is valid then on length scales much larger than the mean interparticle distance and supposes that the velocity does not change considerably on these scales. In our numerical work here, which parallels Ref. 
The stationary eddy-lattice flow is modeled using h͑x, y͒ ͑2Lu 0 ͞np͒ cos͑npx͞L͒ cos͑npy͞L͒ , (4) while for the "synthetic" time-dependent turbulent flow we take h͑x, y, t͒ to be a Gaussian random process in space and time, whose correlation functions are chosen to reproduce closely the realistic properties of turbulent flows. This pragmatic point of view allows us to display the role of generic effects of turbulence on chemical reactions.
In what follows a Kraichnan's energy spectrum E͑k͒k 3 exp͑2k 2 ͞k 2 0 ͒ is used. The random function h͑x, y, t͒ is built up from its Fourier harmonics, each one of them satisfying its own Langevin equation. A detailed account of the numerical procedure is given in Refs. [20] [21] [22] . Figure 1 displays on double-logarithmic scales the c͑t͒ behavior for the eddy-lattice flow. The parameters in Fig. 1(a) are chosen such as to include (however fleetingly) all possible decay regimes. Each of these regimes can be shown in more detail through a judicious choice of parameters in each particular case; as, e.g., in Figs At longer times a crossover towards a much slower kinetics, of one-dimensional type, c~t 21͞4 takes place, as can be clearly seen in Fig. 1(b) . The slower kinetics is associated with the equilibration of concentrations across closed flow lines, e.g., the concentric rings pattern of leads to a fast (quasiexponential) decay. Later the spatial structure evolves as in Fig. 2 , middle right, and the decay is c~t 21͞2 , i.e., two-dimensional fluctuation-dominated; see Fig. 1(c) .
The turbulent flow shows three consecutive types of behavior (Fig. 3) . After an initial stage, the kinetics follows the classical c͑t͒~t 21 law due to mixing. Later on the decay crosses over to a fluctuation-dominated regime, c͑t͒~t 21͞2 , governed by an effective (turbulent) diffusion. The spatial organization of reactants for this case is shown in Fig. 2, lower to turbulent diffusion (calculated for the advected scalar [21, 22] ). The mixing stage interpolates between the shorttime and the long-time regimes, which are governed by D and D ‫ء‬ , respectively. Common to both types of flow are the following three regimes: an initial diffusion-controlled regime (small scale clustering), a fast ("classical") regime due to mixing at intermediate scales, and a long-time, again diffusioncontrolled asymptotic behavior (large scale clustering).
We return now to the theoretical explanation of the intermediate slowing down in the case of an eddy lattice. As already mentioned, this slowing down of the reaction (which leads to the t 21͞4 decay pattern) is related to the closed geometry of the flow lines. Thus the concentration fluctuations along the flow lines are smoothed out by mixing, while in the direction perpendicular to the flow lines the equilibration is due only to the much slower process of molecular diffusion. Since for eddy-lattice flow no exact solution of the diffusion equation is known, we look for simpler flows which display the property of interest, namely, closed flow lines. Such a model is provided by the shear flow on a cylindrical surface, with the axis of the cylinder pointing in the y direction and x being the coordinate along the circular cross section ͑0 # x , L͒. The flow is v ͑ay, 0͒. The numerical results for this flow are given in Fig. 4 .
From Eqs. (1) and (2) the difference in local concentrations, q͑r, t͒ ϵ c A ͑r, t͒ 2 c B ͑r, t͒, is governed by the equation ≠q ≠t 1 v ? = = =q DDq [3] . The solution of this equation can be expressed through its Green's function G͑r, r 0 , t͒, which for the flow considered can be built up, using a reflection argument, along the lines of Ref. [23] . The calculations parallel those of Refs. [3, 9, 10] for ͗q 2 ͑t͒͘ to
Moreover, for fast reactions
holds. Equations (5) and (6) reproduce all three regimes seen in simulations and displayed in Fig. 4 (5) is relevant, so that c͑t͒~͗q 2 ͑t͒͘ 1͞2t 21͞4 holds. This last regime is due to a one-dimensional diffusion across flow lines. These three regimes in Fig. 4 correspond to the stages I to III in Fig. 1 .
In summary, in the case of time-independent eddylattice flows, the overall kinetics is complex, showing different power laws. Especially interesting are the mixing-dominated intermediate stages, which show first a quick c~t 21 decay and then a slow c~t 21͞4 decay. For reactions in a random flow which models turbulent stirring, three stages are seen: The mixing stage interpolates between the short-time behavior governed by the molecular diffusion coefficient D and the long-time behavior, determined by an effective diffusion coefficient D ‫ء‬ . For both flows considered here, stirring does not imply mixing on very large scales, and is incapable to overcome segregation; the long-time behavior is hence diffusion controlled.
